We present results of Short tandem repeat polymorphisms (STRPs) analysis and epidemiology study of indigenous ethnic highlanders of Daghestan and of the migrants from highlands to the lowland area in 1944, in comparison with native lowlanders. Results obtained show that demographically ancient highland ethnics have achieved a relatively stable equilibrium in their native environment and are characterized by optimal level of the main viability parameters (fertility, mortality, lifespan and morbidity). Migrants from highlands to the lowlands experienced dramatically increased morbidity and mortality in 1944-1947: up to 65-70% of total migrants had suffered malaria, typhus and other new infections and about 35-37% of total migrants had died. Genetic-epidemiological study support that non-survived migrants were characterized by a higher inbreeding rate, lower heterozygosity and higher physiological sensitivity to the environmental stress. This inter-connected complex had advantage for adaptation of the highlanders to the native environment but diminished their adaptability in the new and/or changing environment. A detailed study using STRP we performed in 1995-1999 in one highland isolate of ethnic Avars of whom about 50% were moved to the lowland area. We found significant differences in genetic and demographical structures between these highland and migrant parts of the isolate: the genetic bottleneck among migrants had a great qualitative and quantitative impact on their gene pool, i.e., lost of rare native population alleles, as well as of about 1/3 of total migrants with certain genotypes. Survived migrants demonstrate shorter lifespan and higher morbidity rate that support their still ongoing genetic adaptation to the lowland environment.
Introduction
Although human populations demonstrate a remarkable ability to adapt to changing environments, there certainly are limits. Many small indigenous ethnic groups have been preserved because they inhabit inaccessible and often-extreme environments, such as highlands or deserts, the far north, oceanic islands, taiga, or rain forests. Such geographical isolation is usually associated with high rates of endogamy and consanguineous marriages among these indigenous ethnics [1] [2] [3] [4] . To the extent that these populations are well adapted to their extreme environment, they present a unique opportunity to study human genetic adaptation to the native and changing environment.
High altitudes (>2000 m) on the Caucasus, North, Central and South America, East Africa, and Asia are one such extreme environment where about 150 million people are living permanently. Despite a number of studies about human genetic adaptations to highland environments, this research area still has many unanswered questions [5, 6] .
The indigenous ethnic populations of the Caucasus highland region between the Black and Caspian Seas present an opportunity to address these questions because they are characterized by extreme cultural and linguistic differentiation, with more than 50 autochthonous ethnic groups in a small mountain area. The Caucasus Mountains are located alongside a major corridor of movement since the expansion of modern humans. The inaccessible mountains may have functioned as a refuge and cul-de-sac from these migration streams. Thirty-one out of the 50 autochthonous ethnic groups of the Caucasus live in Daghestan -the Northern Caucasian republic within the Russian Federation. Daghestan also exhibits a wide range of environmental habitats. Two-thirds of Daghestan is dominated from the East to the West by the Caucasus Mountains that reach 2000-4000 m above sea level. In contrast, the Eastern region consists of very flat plains 25m below sea level, bordering the Western shores of the Caspian Sea.
Archeological data indicate that the highland ethnic groups in the Daghestan highland region are at least 10,000 years old, with the youngest lowland ethnic Kumyks no less than 800 years old [7, 8] . All are anthropologically and genetically part of the broad European group of populations [3, 9, 10] . The population unit among Daghestan highlanders is one village. Most of these villages can be classified as demographically ancient primary genetic isolates according Neel's definitions [11] . In our previous genetic studies we have shown that Daghestan highland villages have been isolated and endogamous for hundreds of generations. The results of our long-term genetic study in this region, using a number of classical and DNA markers, demonstrated that prolonged reproductive isolation and the severe highland environment led to high genetic diversity between the Daghestan ethnic populations and low genetic diversity within them [12, 13] .
Migration from highland to lowland regions occurred in 1944 for some of these highland ethnic villages, leading to outbred populations residing in large lowland multi-ethnic agricultural villages. Some of these highland village populations were separated: approximately 50% of randomly selected village residents were moved to the lowlands while the other residents remained in the highlands. Random selection was made by central governmental departments. According to the governmental decision, most highlanders migrating to the lowland area replaced villages of ethnic Chechens that were deported by Stalin's government in 1944 to Central Asia and Kazakhstan. But unlike the Chechens' deportation, in the case of the Daghestan highlanders Stalin's government aimed to improve the villagers' quality of life because they lived in remote mountain areas without arable lands and with a severe climate.
Earlier we reported genetic variation at eight biochemical loci and changes in marriage structure and in main viability parameters in migrants from a separated highland village of ethnic Laks: the village of Churtah is located in native highland and migrants from this village replaced ethnic Chechens in the village named Novo-Churtah in 1944 [4, 12, 14] . Our study showed significant increases in morbidity and mortality, and decreases in fertility and life span among migrants to Novo-Churtah in comparison with native Churtah residents. In comparison with native village residents, migrants experienced significantly increased genetic heterogeneity and a decreased rate of endogamy and consanguineous marriages.
Here we present the results of STRP, as well as demographical and medical analyses in one isolated highland population of ethnic Avars, of which about 50% were relocated in 1944 to the lowland area. Because at the time of our expeditions in 1995-1999 the migrants were living in the new lowland environment for about 50 years, it was important to study a vector of migrants' genetic and demographic structure changes. Therefore we studied native highlanders as well as native lowlanders, using the same genetic and demographic parameters.
Material and Methods
Description of populations. Two-third of Daghestan is dominated from the East to the West by the Caucasian mountains reaching 2000-4000 m above sea level, whereas the Eastern region consists of very flat plains 25 m below sea level, bordering the Western shores of the Caspian Sea. The region's climate ranges from freezing long winters in the highlands to short and warm winters and sweltering summers on the plains.
In 1897, 1926, 1939, 1949, 1959, 1979, 1989 and 1995 . Altogether in the archives we analyzed data about 5120 subjects of ethnic Avars, Laks, Andians and Lezgins relocated from their highland villages to the lowland environment.
In expeditions from 1995-1999 we collected data about demographic structure and medical conditions, as well as samples for analysis of STRP from two populations of ethnic Avars: we studied the isolated village Mehelta located in the native highland region and migrants who relocated to the new lowland village named Novo-Mehelta in 1944. To compare genetic and demographic changes among migrants we used unified methods to study native lowlanders (ethnic Kumyks) from the village of Stalskoe.
Kumyks are one of the youngest (600-700 years old) ethnic groups in Daghestan and is the only Turkicspeaking group among all 31 indigenous Daghestan ethnics. The total size of the group is about 200,000.
Avars are the largest ethnic group in Daghestan; they speak a unique language within the Nakh-Daghestan linguistic family and their total number is about 450,000. According archeological and historical data [8] , ethnic Avars, as well as all other 29 indigenous Daghestan highland ethnics, have been living in same highland regions for more than 10 000 years.
The village of Mehelta is located in the mountain area of Daghestan, about 2000 m above sea level. Traditional occupations of the highlanders are cattle breeding and partly irrigated agriculture (barley, wheat, oats, corn and potatoes; legumes, onions, garlic). In 1944 in Mehelta, from a total of 2343 residents, 1043 residents were selected and relocated to the lowland village about 400 km away from their native village (Figure 1 ). The new settlement in the lowland area has been called NovoMehelta. The Meheltans constitute our experimental group of highlanders and migrants.
Stalskoe is a village of aboriginal lowlanders-ethnic Kumyks. The traditional occupation of the lowlanders is gardening and vegetable growing. Prior to drainage in 1950-60, the lowland area had a near-stationary population suffering from a high incidence of malaria.
In expeditions, we collected demographic and epidemiological data from current generations of the highland and migrant subpopulations of the split isolate, as well as in the Kumyks' village. In every observed village were collected randomized and representative samples. Every observed subject gave written informed consent approved by the Daghestan IRB (Daghestan Center of Russian Academy of Sciences) before participation in our study.
We studied marriage structure using information about types of marriages in three generations retrospectively for every observed subject. On the basis of the results obtained we defined two groups of subjects: a) those that had in these three generations consanguineous marriage: first-cousin, first-cousins once removed and second-cousin; and b) those that had no known cases of consanguineous marriages among these ancestors but had endogamy and one or two exogamy (inter-population or interethnic) marriages. Information about total number and different types of consanguineous marriages rates has been used for evaluations of average coefficient of inbreeding F.
Neurophysiological sensitivity to environmental stress we measured according to Pavlov's typology of the Central Nervous System using the reflex detector "Mayak" constructed by K. Bulayeva [4, 14] . The measurement was conducted by measuring motor reaction time (RT) to stimulus of minimal intensity to the light and sound. After three training trials, the task was repeated until the response time of the subject was established -this varied between 13-25 trials. For a detailed description see [14] . The individual measures were calculated as the average result from 13-25 trials of every person. The speed of the RT in msec to the stimulus of minimal intensity is an indicator of individual differences in CNS sensitivity to any environmental stress.
Genotypic description. Blood samples (10 ml) were obtained from 95 highlanders, migrants, and lowland controls for the study of STRP. Human DNA was extracted from lymphocytes using a standard phenol/ chloroform protocol and isopropanol precipitation. All samples were resuspended in 10 mM Tris pH 7.4/0.01 mM EDTA for subsequent analysis. Briefly, 25 ng of genomic DNA was amplified by PCR (10 mM Tris pH8.4, 50 mM KCl, 1.5 mM MgCl2, 50 uM each dNTP, 0.4 uM each primer, 1 U Taq DNA polymerase) using 58 o C annealing for the first 5 cycles and 54 o C annealing for 25 additional cycles. One primer was labeled using a 5' fluorescent phosphoamidite conjugate (6-FAM, TET, or HEX) prior to amplification. PCR products were denatured and resolved by multiplex polyacrylamide gel electrophoresis using an ABI 377 automated DNA sequencer. A molecular weight standard (GS500-TAMRA, ABI) was added to each lane for allele size determination. Allele calls were performed using Genescan (ver. 3.1) and Genotyper (ver. 2.1) software (ABI). We analyzed the allele distributions at eight STRPs using the methods described by Jorde et al. (1995) : UT1243, UT1880, UT1917, UT2092, UT2203, UT5030, UT7131 and UT91921. Most of the STR loci genotyped in the populations are tetra-nucleotides, but UT2203 is a tri-nucleotide polymorphism.
All calculations, including random-permutation procedures to assess statistical significance, were performed by use of regular statistical packages and software BIOSYS, Arlequin, GENEPOP and GDA [15] [16] [17] [18] .
Results
Daghestan State Central and regional archives' records showed that in 1944 a total of 6,568 Avars were relocated from the highland region to the lowland settlements. Shortly after migration these migrants experienced dramatically increased morbidity rates: in 1944, 4,200 of 6,568 (63.95%) Avar migrants suffered malaria, a disease to which they were then first exposed.
According these official data, all other ethnic groups of native highlanders who migrated to the lowland area experienced similar morbidity. For instance, out of 8,045 ethnic Lak highlanders who relocated in 1944 to the lowland area, 6,157 (76.53%) suffered malaria in the first years after migration. Altogether about 65-75% of highlanders who migrated to the lowland in 1944 suffered malaria, which was for them a new infectious disease (Figure 2A ). No cases of malaria were found in the same year among highlanders living in their own native environment. In the native lowlanders' villages in 1944 only 807 cases of malaria were registered among 8,194 inhabitants (9.8%). In the following two years from 1945-1947, the incidence of malaria among migrants decreased due to state efforts to fight malaria in the region. Another new infection for migrated highlanders was typhus, which was registered in 1944 -1947 among 3% of the migrants and was completely absent in highlanders ( Figure 2B ).
According to the State archival data, 60-70% of migrants who suffered malaria died in 1944-1947, the first years of their adaptation to the new environment. Among migrants, about a total of 35-37% died, mostly because of new infections, new types of food, climate and water changes. Before migration in 1943, highlanders of different ethnics had an average mortality rate of 10.2 and fertility rate of 14.1 per 1,000 ( Table 1) .
The official statistical data obtained from archives showed that in the first year of adaptation to the new lowland environment the mortality rate in migrants increased up to 67.2 and the fertility rate decreased to 6.7 per 1,000, while highlanders living in native environment had a mortality rate of 13.9 and fertility rate of 12.2 (Table 1) . Only after 1947 the rates of mortality and fertility between highlanders and migrants became similar. The increased fertility rate in the 1960s has been connected with generations raised after World War II, as well as with known 'bottleneck' consequences when fertility rate increases.
Results obtained from our own study of highlanders and migrants from the local isolate Mehelta fully confirmed the Central archives' demographical data with respect to a dramatic 'genetic bottleneck' among migrants in the first years of their adaptation to the new lowland environment. Before separation in 1943 the population had an average mortality rate of 9.3 and a fertility rate of 11.8 per 1,000. In first year of the separation (1944) the highland part had a fertility rate of 10.4 and a mortality rate of 10.3, while the migrant part had a mortality rate of to 66.9 and fertility rate of 6.3. In following years up to 1947 the rates of mortality and fertility rates between highland and migrant parts of the separated isolate became closer. Between 1944-1947, among 1043 migrants of Mehelta, 375 died (35%).
We also found an increase in fertility rates in 1960s in both parts of the split isolate, as was seen in official statistical data (Table 1) . At the time of our expedition study in 1995-1998 the total number (Nt) of migrants out of Mehelta and their descendents had increased to 1598, in comparison to the 1043 migrants in 1944 ( Table 2) .
In our study, marriage structure analysis indicated that the mean coefficient of inbreeding among migrants (F = 0.00615) is 69% lower than among highlanders ( Table 2 ). The rate of consanguineous marriages and mean coefficient of inbreeding F we calculated in subjects older than 45 years for both parts of the split isolate Mehelta, because these subjects were born in the highland and moved to the lowland with their families. We found that rate of exogamous marriages among migrants increased to 31% to 1995, while highlanders are keeping their traditional endogamy and inbreeding rates ( Table 2 ). The aboriginal lowlanders showed a lower coefficient of inbreeding (F= 0.00170) and an exogamy rate of about 15% that is usual for ethnic Kumyks.
Genealogical and demographical study of surviving migrants from Mehelta indicated that the morbidity and mortality induced by malaria and other new infections were significantly higher among offspring of consanguineous (first-cousin, first cousins once removed and second cousin) marriages in comparison with offspring of non-consanguineous ones: from the 375 migrants who died during the first three years of adaptation to the new lowland environment, 72% (270 subjects) were offspring of close consanguineous marriages in several generations and only 28% (105) were offspring of non-consanguineous marriages (χ 2 =26.9, df=16, P=0.04) (Figure 3 ). Mean death rate among offspring of consanguineous marriages was 6.7 and among offspring of non-consanguineous marriages -2.2 ( Figure 3 ) (M-W test, Z=2.93, p=0.003). The results obtained support that 'genetic bottleneck' among migrants from highland to the lowland had selective character: most 'non-survivors' in new environment were offspring of consanguineous marriages that are usually characterized by genetic homogeneity. 
SD, SE, Mean -standard deviations, standard errors and mean values in the groups of OP.
We studied genetic variation among highland and migrant parts of the separated isolate (in comparison with native lowlanders) using eight STR loci. Results obtained show an increase in allele sizes in migrants compared to highlanders and lowlanders (Rs varies from 0.17 to 0.42, with P =0.02-0.000) (Figure 4) . The average allele size, standard errors (SE) and ranges of allele sizes by groups are presented in Table 3 . As shown in Figure 4 and in Table 3 , the alleles (mostly of minimal sizes) which had low frequencies in the native highland population tended to be lost among migrants more often than alleles with high frequencies. Native highlanders and lowlanders showed private STR loci alleles of minimal sizes, while the migrants had private alleles in maximal sizes ( Table 3 ). The Mann-Whitney U-test found a significant trend for the diversity of the six STRP loci between the allele sizes of highland and migrant populations (Z=6.8-2.3, p=0.000-0.024). Between lowlanders and migrants significant differences in allele size variances were found only for two of eight loci (Z=2.8 and 2.76, p=0.005).
Genetic diversity between all three groups we analyzed again using Fst ( (Version 3.4) software. The average heterozygosity level for STR loci among highlanders and migrants of separated isolate was H=0.652 and H=0.676, while among lowlanders H=0.705 (Table 5) . We found the same trend in mean heterozygosity when comparing highlanders with migrants using serum proteins HP and GC, as well as red cell enzymes -AK, PGM1. ACP, 6-PGD, GLO1 and ESD: migrants had higher mean heterozygosity in comparison with highlanders [13] ( Table 5 ). These differences in heterozygosity levels between highlanders and migrants who separated just two generations ago fully accord with differences in inbreeding levels ( Table 2) : highlanders have a higher inbreeding level and lower heterozygosity in comparison with migrants. According to regional statistical department data the morbidity is higher and average lifespan among migrants is lower than among highlanders. We calculated lifespan index as a ratio (%) of the total number of people in each population reaching 80 years and older (in 1995) compared to the total reaching 60 years and older. Results obtained demonstrated that among highlanders there was about a 60% higher rate of people reaching 80 years and older compared to migrants, indicating lowering of life span in the latter group. A decreased rate of people reaching 80 and older was also seen among native lowlanders, but the reason for this is still unclear. We found a similar important association between inbreeding and CNS sensitivity in our previous study [12] : genetically homogeneous offspring of consanguineous marriages showed higher physiological sensitivity, in comparison with exogamous offspring (R (2.103)=19.32; P=0.000) in different ethnic populations. According Pavlov' typology of CNS this result supports a higher sensitivity to any environmental stress of offspring of consanguineous marriages. Consequently, those non-survived (mal-adaptive) migrants to the new lowland environment with higher inbreeding and lower heterozygosity had a higher sensitivity to any environmental stress ( Figure 5A-D) .
Discussion
Our pioneering genetic study-ongoing since 1976 among Daghestan indigenous ethnic populationssuggest that these ethnics have a unique gene pool well adapted to their native highland environment: these highland populations are characterized by low rates of prenatal mortality, high fertility and long lifespan [4, 12] .
Our results support the official statistical data of the USSR 1979 census and the Russian Federation 1996 census [19, 20] : the Caucasus indigenous ethnic groups represented only 7% of the total USSR population, but contained about 97% of the total number of those 80 years of age and older. Our long-term study also showed a 'Daghestan phenomenon'--a low rate of serious hereditary diseases despite a high rate of consanguineous marriages among these indigenous ethnic groups [4] . This phenomenon can be connected with the ancient demographical history of these ethnic groups that, according to archeological data, have lived more than 10,000 years in the stable and severe highland environment under stresses of malnutrition, difficult climate, absence or low quality of medical service, etc. It is unlikely that children with serious hereditary diseases could survive in such an environment and they were likely selected out over generations in pre-reproductive ages. Traditional endogamy and a high rate of inbreeding increased the chance of expression of mutant genes resulting in serious hereditary diseases, likely leading to a disappearance of these genes from the population. Similar trends have been found in genetic studies of Pakistani and Indian ethnic isolates [1] . However, the results of the present study using a unique model of a 'split' genetic isolate indicate that highlanders who are well adapted to their native environment have a decreased ability to adapt to a lowland environment. We found significant genetic differences between recently separated parts of the same ancient genetic isolate: after half a century, those who migrated in 1944 to the lowland area demonstrated a reduced inbreeding coefficient and higher average heterozygosity for different genetic systems in comparison with the highland population ( Table 2 and 5, Figure 4) . We found aggregation of homozygous genotypes among highlanders, especially for locus UT2092, as well as a lower mean observed heterozygosity (Hobs=0.652) in comparison with migrants and lowlanders (Hobs=0.676 and 0.705, respectively). These findings can be explained by higher inbreeding among highlanders ( Table 2) . The results presented in Table 3 and 4 reveal significant genetic diversity not only in allele size distributions for STRP loci, but also in genotypic differentiation between highland and migrant fractions of the split isolate, as well as between them and native lowlanders. The increased genetic heterogeneity by STR and biochemical loci that we found among migrants can be connected in part with changes in marriage traditions from endogamy and consanguinity to exogamy, but in part it is a consequence of the selective death of maladapted migrants with higher inbreeding and lower heterozygosity.
All these three groups indicate a significant genetic diversity by Fst: Fis= 0.0149; Fst=0.107 (Table 4 ). The value of Fst increased when we compared only highland and migrant populations of the split isolates (Fst=0.121), suggesting a presence of genetic differentiation between the highland and lowland subsets of the split isolate during two generations after separation. In the case of STRP, there are two natural statistics describing genetic diversity, allele size variance and per locus heterozygosity [21, 22] . The results obtained with these statistics are consistent with the observed genetic bottleneck within the migrant population in the first years after relocation. The results obtained in genealogical study of the survived migrants indicate that the bottleneck was not random, but instead that offspring of consanguineous marriages were more likely to perish when exposed to new infectious diseases like malaria and typhus. The mortality rate was more than 3 times higher among migrants who were the offspring of close consanguineous marriages in comparison to migrants who were the offspring of non-consanguineous exogamous marriages (Figure 3 ). This insight is in accord with an earlier observation of high susceptibility of inbred offspring to the infectious diseases [23] , as well as with our previous reports of a higher rate of pre-reproductive mortality among inbred offspring due to infectious disease [4, 12] . In our previous study we showed that genetically homogeneous offspring of consanguineous marriages in Daghestan isolates have significantly higher Central nervous system sensitivity to any environmental stress (Pavlov's CNS typology) in comparison with non-inbred ones (R (2.103)=19.32; P<0.001) [4] . Results obtained in the present study suggest that the causes of 'asymmetric' mortality among migrants from the highland to lowland are the high sensitivity of genetically homogeneous inbred offspring to environmental stress, including to infectious agents, when compared to offspring of exogamous marriages. This is corroborated in our research: non-survivors were offspring of close consanguineous marriages, had lower average heterozygosity for different genetic system (STRP and biochemical markers) and higher sensitivity to the environmental stress (new infections, new food, climate etc) (Figure 4a-d) .
The results obtained allow the supposition that migration of the highlanders to the lowland area disrupted their adaptive genetic structure that has been created during hundreds of generations in their native highland environment. This disruption was connected with differences in ability to adapt to the changed environment: those with genetic homogeneity and higher consanguinity, which was associated with a higher sensitivity to environmental stress, had a higher vulnerability and did not survive in a new environment with new infections, climate, and food. After 50 years of living in a new area the surviving population of migrants still demonstrate a significant lowering of viability -they have shorter lifespans and a higher morbidity rate. For instance, it was shown that the rate of iron deficiency anemia is 2-3 times more common among highlanders who migrated to the lowland area up in comparison with highlanders living in native environment [24] . These data indicate that for these migrants genetic adaptation to the lowland environment is still ongoing. Results obtained demonstrated that genetic bottleneck among migrants had a great qualitative and quantitative impact for their gene pool, i.e., the deaths of about a third of the total migrant pool resulted in the loss of rare native population alleles that were presumably advantageous for adapting to highland life but were of diminished use in a new environment. Thus, the present study suggests that limits to human adaptation depend on particular genotype-environment interactions which, in turn, yield consequences for the gene pool of the populations. The small, highly isolated indigenous ethnic populations are well adapted to their native environment but are sensitive to environmental changes.
